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ABSTRACT 
Soils often get contaminated with a variety of chemicals due to ;;h$&k&. d i & d o f  
waste or inadequate design of waste containment facilities. All types of pollution have direct 
or indirect effects on ground soil properties. Several case studies have shown that distresses 
civil structures can occur due to changes in soil properties due to contamination. 
Understanding the mechanism and effects of soil - water - pollution on the behaviour of soil 
are important, from the point of assessing the changes in the soil properties and to 
avoidlminimize the failures due to soil contamination. Attempts have been made in the past 
to understand the behaviour of soil-water system in terms of (i) the type and amount of clay 
mineral (ii) the nature of pore fluid, (iii) associated cations and anions (iv) organic matter. 
Intense interactions that take place with some contaminants such as strong acids and alkalis 
cannot be explained by these parameters alone. One important pollutant that can have 
considerable effect is the Alkali contamination of the soil released from varies industries such 
as Paint and dyes; Paper and pulp industries; Cotton mills and Aluminium industries etc. 
There are reports that alkali solutions can increase the swelling of soil containing expansive 
mineral such as Montmorillonite. However, the effect of caustic alkali contamination on the 
behaviour of soil containing non- swelling minerals such as Kaolinite is not well known. It 
would be some times necessary to study the effect of hydroxides containing suspended 
precipitates, as in some cases such as spent liquor from aluminum industry spilled into the 
foundation soil, contains suspended alumina. The effects of sodium hydroxide solutions of 
varying concentration with and without containing suspended alumina on the behaviour of 
kaolinitic soils have been presented in this thesis. Attempts have also been made to control 
the properties affected by the alkali solutions. 
The organisation of the thesis is presented in Chapter 1. The detailed scope of the 
thesis has been presented in Chapter 2 after bringing out the necessary background 
information. TWO soils, commercially obtained kaolinite and locally available red earth soil, 
containing kaolinte clay mineral, have been chosen for the study. Caustic alkali solutions of 
IN, 4N concentration and alkali-spent liquor (leaking into the ground in the extraction of 
alumina fi-om bauxite in an alumina plant) are used. Two more caustic alkali solutions of 1N 
and 4N solutions containing 10% alumina by weight of solutions in suspension are prepared 
for the study. The properties of soils used, procedures for different test and the preparation of 
alkali solutions used as influent are summarised in Chapter 3. The method of preparations of 
soil specimen with alkali contamination for carrying out different basic and geotechnical 
properties is described in this Chapter. The basic properties studied are specific gravity, water 
adsorption characteristics, X-ray diffraction studies, SEM studies, and Thennal 
characteristics. The geotechnical studies involved Atterbergs limits, Compaction tests, 
Oedometer test and Shear Strength tests. Testing procedures adopted as per standards 
methods are described. Modified test procedures adopted, wherever necessary, are described 
in the concerned Chapters. 
The changes in the index properties of commercial pure kaolinite and kaolinitic red 
earth due to caustic alkali contamination are presented in Chapter 4. It has been shown that 
soil alkali interaction leads to the formation of new mineral, Zeolite (Sodium aluminum 
silicate hydrate) when the concentration of alkali is about 4N or more. The new mineral 
formed by soil alkali interaction, sodium aluminum silicate hydrate, 
1.08Na20.A1~03.1.68Si02.1.8H20, has first order maximum peak at 3.62 A0 in case of 4 N 
alkali treated samples. Sodium aluminum silicate hydrate, Na3 68A13 6Si8.4024 (H20), formed 
with industrial spent liquor has first order maximum peak at 6.3 1 AO. Further, the crystalline 
structure of kaolinite mineral is affected after treatment with 4N alkali solution and industrial 
spent liquor. DTA curves confirming that the kaolinite mineral has reacted with alkali 
solution. The endothermic peak due to dehydroxylation of kaolinite mineral is completely 
missing. The formation of zeolite mineral in the specimen is indicated by new strong 
endothermic peak at 102OC due to removal of water from the cavities of zeolites. Increase in 
liquid limit values, Free swell index, water adsorption and specific surface area and decrease 
in specific gravity values after treatment with caustic alkali solutions are attributed to the 
formation of zeolite minerals. However, the shrinkage limit has increased after treatment with 
caustic alkali solutions in both the soils. 
How the changes in soils properties upon treatment with alkali solution would affect 
the volume changes behaviour of kaolinitic soils is presented in Chapter 5. Two series of 
consolidation tests are conducted to bring out the effect when the soil gets contaminated 
during testing (series I) and when the soil is already contaminated before starting of the test 
and continues to be with the contaminating fluid during testing (series 11). For preparation of 
soil samples for series 1, the soil was equilibrated with water required for Proctor's optimum 
water content and compacted into consolidation rings to Proctor' maximum dry density. The 
inundating fluids were 1N and 4N sodium hydroxide solutions with and without alumina as 
well as industrial spent liquor. The sample preparation for series 2 experiments is same as the 
previous case except that the samples were remoulded and compacted with alkali solutions 
and inundated with the same fluid. For comparison, the consolidation tests on soils 
compacted and inundated with water were also conducted. The results showed that the 
volume change behaviour of kaolinite and kaolinitic red earth are severely influenced by 
alkali contamination. The extent of change is influenced by concentration of alkali, type of 
soil and as well as duration of interaction. At low concentration of alkali solution (IN NaOH 
solution), the change in red earth observed is in the form of slight increase in the 
compressibility. However, the compressibility becomes negligible in 1 N NaOH alkali 
solution containing suspended alumina compared to 1 N NaOH solution. With 4N NaOH 
solution the compressibility of red earth decreases and exhibited abnormal swell (rebound) 
during unloading. The compression strain has been completely recovered upon unloading. 
Final void ratio of the specimen is significantly higher than the initial void ratio of the 
sample. Presence of alumina in the suspension increases the rate of formation of zeolite. The 
effect of spent liquor on the volume change behaviour of red earth is similar to that of 4N 
solution but is of relatively less effective. 
When the samples are compacted and inundated with alkali solutions, the effects are 
seen earlier due to longer interaction period between soil and alkali solutions. The effects of 
alkali solutions on kaolinite are similar to that of red earth except that the effects are observed 
after long interaction time. This may be due to smaller specific surface area of kaolinite 
compared to red earth. The observed changes in the volume change behaviour of soils in the 
presence of 1N solution is essentially due to morphological changes and with 4N solutions 
and spent liquor is due to mineralogical changes leading to the formation of zeolites minerals. 
Mineralogical and morphological changes are confirmed fiom XRD and SEM studies of 
consolidated samples. 
Detailed swelling tests were carried out to understand the time swell relationship and 
swell potential of kaolinitic soils in the presence of alkali solutions during the consolidation 
tests are described in Chapter 6. Two type of swelling tests were conducted viz., free swell 
index test and oedometer swelling under nominal surcharge of 6.25 kPa. Consolidation tests 
with usual load increment ratio of unity were conducted after reaching full equilibrium at 
nominal surcharge with the inundating fluid. 
Sediment volume of soil with alkali solutions increased only after thorough mixing 
after two months. The increase is relatively more in the presence of 4N solution. Zeolite 
formed by soil alkali interaction is responsible for swelling. The low increase in sediment 
volume in the presence of 1N alkali solution is due to little interaction between the soil and 
alkali solution at low concentration. 
Swelling under nominal surcharge of 6.25 kPa is observed for kaolinite and red earth 
with 4N alkali solution only after a lapse of about 15 days. Equilibrium is reached, in about 
45 days in red earth and 70 days in kaolinite. However, the amount of swell is about 15% in 
both the soils. Swelling in the presence of 1N alkali solution is also observed but only after 
30 days of interaction time period in both the soils. The observed swell is about 13 
percentage of initial height in red earth and 4 percent in kaolinite. Swell - time relationships 
of soils in the presence of alkali solutions do not follow rectangular hyperbolic relationship. 
Though swelling occurs in non swelling soils in the presence of alkali solutions, swelling 
pressure could not be determined fi-om conventional consolidation test as the swollen soils 
did not compress with increase in effective consolidation pressure. 
One of the most important mechanisms through which the effects of soil pollutant 
interaction problems arise is change in shear strength of soils. How the treatment with alkali 
solutions would affect the strength behaviour of kaolinitic soils has been presented in 
Chapter 7. Consolidated undrained shear strength of red earth treated with alkali solutions 
has been determined using conventional triaxial testing apparatus. In order to assess the shear 
strength behaviour of alkali contaminated red earth with interaction time, the tests were 
conducted after equilibration for one day and after interaction for one month. As major 
changes have been observed early with 4 N NaOH solution and spent liquor, shear strength 
tests were restricted to these two fluids. To overcome the problems faced in remoulding the 
kaolinite specimen for triaxial strength test with alkali solutions direct shear tests have been 
carried out. These tests also have the advantage of obtaining the undrained shear strength 
values relatively quickly. Kaolinite sample was thoroughly mixed with desired fluid such as 4 
N NaOH and spent liquor solutions and cured for 1 day and 30 days with a fluid content of 
two times the liquid limit water content. The samples were dried and powdered and 
compacted before testing. For comparison, the strength of kaolinite compacted with water to 
maximum dry density at optimum water content was determined. The shear strength of both 
red earth and kaolinite increases on treatment with alkali solution. The increase is more due 
to increase in the cohesion rather than increase in the coefficient of fiction angle. The effect 
of 4N solution is more than the effect of spent liquor. The effects of alkali solutions are faster 
with red earth than with kaolinite. 
Volume change in a swelling soil can be control either by (a) converting the soil to a rigid or 
granular mass, the particles of which are sufficiently strongly bound to resist the internal 
swelling pressure of the clay, or by (b) retarding moisture movement within the soil. Chapter 
8 describes the effect of addition of different amounts of ferric chloride salt and lime on 
varying amounts of alkali-contaminated soil and its effect on volume change behaviour. For 
red earth soil, treatment with ferric chloride salt has been considered. This study can establish 
the relative influences of the two factors on swelling of soil in the presence of alkali solution 
viz., due to the removal of iron oxide (cementing agent) and due to the formation of zeolitic 
minerals. If the removal of cementing compounds is the main reason, the volume change 
behaviour should be restored by treated alkali contaminated soil with ferric chloride solution. 
Experimental investigations were conducted to study the effect of ferric chloride on 
contaminated red soil with 4 N NaOH and industrial spent caustic liquor, which causes severe 
swelling. It has been observed that treatment with ferric chloride is not effective in 
controlling swelling. Presence of ferric chloride in alkali-contaminated soil has not prevented 
the formation of zeolite minerals. 
A better understanding of soil alkali reactions has helped to apply a treatment. It is 
established that the effect of lime in binding soil particles increases in the presence of alkali 
due to enhanced chemical reactions such as formation of more cementing agents and different 
type of compounds. Improved methods of application of lime solution as grout mixture at any 
depth are available. Hence to control the heaving in soils in the presence of alkali solution, 
lime treatment can be an effective measure. It is however necessary to find out the minimum 
lime content to control heave at different concentrations of caustic soda solution. 
Consolidation tests were carried out to assess the effect of lime when incorporated in sample 
before contamination and when contaminated soil is treated. For conducting the tests for the 
former, the sample of red earth soilkaolinite with water and lime is compacted at optimum 
moisture content to maximum dry density and inundated with alkali solution. The tests for 
the later, the samples were compacted with alkali solution but inundated with lime solution. 
Before compacting, the specimens were mixed with required quantity of alkali solution or 
lime and placed in polyethylene bags and stored in airtight container for about 3 - 4 days, for 
equilibration of moisture and then compacted. It was observed that when lime is included in 
the soil before contamination, 3% of lime and 6% of lime is effective in controlling the heave 
in red earth and Kaolinite respectively. Since shear strength is not degrading on 
contamination with alkali solution, only volume change behaviour has been studied on 
addition of lime. 
The major conclusions of the thesis are presented in Chapter 9. 
